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Research   Assoc ia tes   under   subcont rac t   to   Phi lco-Ford .  The c o n t r i b u t i o n  
of Char les  G .  D i e t z ,  who a s s i s t e d   i n   t h e   a n a l y s i s ,   a n d  James R .  Dowty, 
who p rov ided   des ign   suppor t ,  i s  grateful ly   acknowledged.  

iii 

" 





ABSTRACT 

Optimum structural   designs  for Martian entry  capsules  are  obtained 
for 140° blunted  cone, 60 spherical   dish,  and OA.65 tens ion  she l l  con- 
f igurations.  These designs have 19 foot  base  diameters and are  based 
on theoretical  pressure and convective  heat  transfer  distributions for  
orb i t  mode entry  with a b a l l i s t i c   c o e f f i c i e n t   o f   0 . 3 2   s l u g / f t 2 .  

0 

V 





CONTENTS 

SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . .  
INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . .  
SYMBOLS . . . . . . . . . . . . . . . . . . . . . . . . . .  
RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . .  

140° Sandwich Cone . . . . . . . . . . . . . . . . . . .  
60° Sandwich  Spherical   Dish . . . . . . . . . . . . . .  
OA.65 Ring-St i f fened   Tens ion   She l l  . . . . . . . . . . .  
Configuration  Comparison . . . . . . . . . . . . . . . .  
Detail   Drawings  of  Optimized  Designs . . . . . . . . . .  

140” sandwich  cone . . . . . . . . . . . . . . . . .  
60’ s p h e r i c a l   d i s h  . . . . . . . . . . . . . . . . .  
OA.65 t e n s i o n   s h e l l  . . . . . . . . . . . . . . . .  

CONCLUDING gEM.4RKS. . . . . . . . . . . . . . . . . . . . . .  
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . .  
TABLES . . . . . . . . . . . . . . . . . . . . . . . . . .  
FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 
2 
2 
3 
4 
5 
5 
6 
7 
7 
7 
7 
8 
9 
10 
14 

v i i  



EVALUATION OF CONFIGURATION  CHANGES 

ON 

OPTIMlJM  STRUCTUAL  DESIGNS  FOR A MARS  ENTRY  CAPSULE 

by 

Gerald A.  Cohen 

S t ruc tu res   Resea rch   Assoc ia t e s ,  Newport  Beach, C a l i f o r n i a  

SUMMARY 

Opt imized   capsule   des igns   have   been   ob ta ined   for  140° blunted  cone,  
60° s p h e r i c a l   d i s h ,  and OA. 65 t ens ion   she l l   geomet r i e s .   These   des igns  
are  b a s e d   o n   t h e o r e t i c a l   p r e s s u r e   a n d   c o n v e c t i v e   h e a t   t r a n s f e r   d i s t r i -  
b u t i o n s   f o r   a n   o u t - o f - o r b i t   M a r t i a n   e n t r y   t r a j e c t o r y   w i t h  a b a l l i s t i c  
c o e f f i c i e n t   o f  0.32 s l u g / f  t2.  The des igns   p re sen ted  are optimum i n   t h e  
s e n s e   t h a t   s t r u c t u r a l   w e i g h t   h a s   b e e n   m i n i m i z e d   w i t h   r e s p e c t   t o   b u c k l i n g  
f a i l u r e   o f   t h e   c a p s u l e .  A s  i s  c o n s i s t e n t   w i t h   t h e   s h r o u d   l i m i t a t i o n   o f  
t h e   S a t u r n  V b o o s t e r ,   t h e   d e s i g n s   h a v e  19 f o o t   b a s e   d i a m e t e r s .   S t r u c t u r e  
and   hea t   sh ie ld   weights  are  based  on a backface  temperature  of  approx- 
imate ly  300 F,  which  has  been shown i n  a p r e v i o u s   s t u d y   t o   b e   t h e  optimum 
tempera tu re .   Fo r   t he   con ica l  and spher ica l   geometry ,   sandwich   cons t ruc t ion  
i s  t r e a t e d ,   w h e r e a s   r i n g - s t i f f e n e d   c o n s t r u c t i o n  is c o n s i d e r e d   f o r   t h e  
t e n s i o n   s h e l l .  

0 

Compar ison   of   the   des igns   ob ta ined   revea ls   tha t   for   these   conf ig-  
u r a t i o n s   t h e   s t r u c t u r e   p l u s   h e a t   s h i e l d   w e i g h t s   v a r y   a s   t h e i r   d r a g  
c o e f f i c i e n t s .  However, s i n c e   i n   e a c h   c a s e   t h i s   w e i g h t  i s  a r e l a t i v e l y  
small   percentage (=11%) o f   t h e   t o t a l   e n t r y   w e i g h t ,   f o r   t h e   g i v e n   s i z e  
and b a l l i s t i c   c o e f f i c i e n t   t h e   r e s i d u a l   w e i g h t s   a v a i l a b l e   f o r   l a n d e d  
p a y l o a d   v a r y   a l s o   a s   t h e   d r a g   c o e f f i c i e n t s .  The r e s idua l   we igh t s   ob ta ined  
a r e  4828,  4382, and 4065 l b   f o r   t h e  OA.65 t e n s i o n   s h e l l ,  140° cone, and 
60' s p h e r i c a l   d i s h ,   r e s p e c t i v e l y .  It i s  noted,   however ,   that   the   f low 
f i e l d   a n a l y s i s   d i d   n o t   a l l o w   f o r   t h e   p o s s i b i l i t y   o f   f l o w   s e p a r a t i o n ,  
which i s  l i k e l y   d u r i n g  a s i g n i f i c a n t   p o r t i o n   o f   t h e   t e n s i o n   s h e l l   e n t r y  
t r a j e c t o r y .   C o n s e q u e n t l y ,   t h e   h i g h   d r a g   c o e f f i c i e n t   i n d i c a t e d   f o r   t h e  
t e n s i o n   s h e l l  may not   be  achieved,  so t h a t   t h e   r e s i d u a l   w e i g h t   o b t a i n e d  
f o r  i t  canno t   be   cons ide red   a s   r e l i ab le   a s   t hose   ob ta ined   fo r   t he   o the r  
c o n f i g u r a t i o n s .  
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INTRODUCTION 

In   Reference  1 a re   p re sen ted  optimum des ign   p rocedures   fo r   l i gh twe igh t ,  
low b a l l i s t i c   c o e f f i c i e n t   M a r t i a n   e n t r y   c a p s u l e s   f o r   b o t h   s a n d w i c h   a n d   r i n g -  
s t i f f ened   ae roshe l l s .   These   p rocedures  were used i n   t h a t   s t u d y   t o   o b t a i n  
opt imized  capsule   designs and t h e   a s s o c i a t e d   s t r u c t u r a l  and h e a t   s h i e l d  
we igh t s   fo r  120' cone  and 0A.833 t e n s i o n   s h e l l   g e o m e t r i e s .  

The present   s tudy  makes u s e  of   the  same p rocedures   t o   eva lua te   t h ree  
a d d i t i o n a l   b l u n t   c o n f i g u r a t i o n s ,   v i z . ,  a 140° cone, a 60' s p h e r i c a l   d i s h ,  
and  an OA.65 t e n s i o n   s h e l l .  The g r e a t e r   d r a g   c o e f f i c i e n t s   o f   t h e s e   c o n -  
f i g u r a t i o n s   ( R e f .  1) p e r m i t  a n   i n c r e a s e   i n   e n t r y   w e i g h t ,   f o r  a given 
b a l l i s t i c   c o e f f i c i e n t ,   o v e r   t h o s e   f o r   t h e   p r e v i o u s l y   s t u d i e d   c o n f i g u r a t i o n s .  
The opt imized   des igns   p resented   a re   based   on   sandwich   wal l   cons t ruc t ion  
f o r   t h e  140° cone   and   shper ica l   d i sh ,  and r i n g - s t i f f e n e d   c o n s t r u c t i o n   f o r  
t h e  0.4.65 t e n s i o n   s h e l l .   I n   a d d i t i o n   t o   s u b j e c t i n g   e a c h   t r i a l   d e s i g n   t o  
s t a b i l i t y  and s t ress  a n a l y s i s ,   f u n d a m e n t a l   f r e e   v i b r a t i o n  modes o f   f i n a l i z e d  
des igns  were obtained  for   several   harmonics ,   including  the  harmonic  for  
which  the  fundamental   f requency  a t ta ins  a  minimum value .  

SYMBOLS 

C 

cD 

E 

h 

R 

m ,  n 

N 

R 

r 

g e n e r a l   i n s t a b i l i t y   c o r r e l a t i o n   f a c t o r  

d r a g   c o e f f i c i e n t  

Young's  modulus,   psi  

t h i c k n e s s  of Z - s e c t i o n   i n t e r i o r   r i n g ,   i n .  

i d e a l   c r o s s   s e c t i o n   p e r i m e t e r   o f   2 - s e c t i o n   i n t e r i o r   r i n g ,   i n .  

e m p i r i c a l   e x p o n e n t s   f o r   s p h e r i c a l   d i s h   i n s t a b i l i t y   c o r r e l a t i o n  

c i r cumfe ren t i a l   ha rmon ic  number 

c r o s s - s e c t i o n a l   r a d i u s   o f   t u b u l a r   b a s e   r i n g ,   i n .  

s h e l l   a t t a c h m e n t   r a d i u s   f o r   i n t e r i o r   r i n g ,   i n .  
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capsu le   base   r ad ius ,   i n .  r B 

S 

T 

t 

t C  

t f  

W 

wR 

wS 

X 

Y 

P 
A 

h 

'SF 

mer id iona l   d i s t ance   f rom  sphe r i ca l   nose ,   i n .  

s h e l l  stress r e s u l t a n t ,   l b / i n .  

base   r i ng   t h i ckness ,  i n .  

sandwich   core   th ickness ,   in .  

sandwich  face  sheet   thickness ,   in .  

w e i g h t ,   l b  

t o t a l   e n t r y   w e i g h t ,   l b  

r e s idua l   we igh t ,  'E - 'S> l b  

t o t a l   s t r u c t u r e  p l u s  h e a t s h i e l d   w e i g h t ,   l b  

a x i a l   d i s t a n c e   f r o m   t e n s i o n   s h e l l   b a s e ,   i n .  

r ad ia l   d i s t ance   f rom  ax i s   o f   r evo lu t ion ,   i n .  

b a l l i s t i c   c o e f f i c i e n t ,   s l u g / f t  2 

i n c r e a s e   i n   r i v e t e d   f l a n g e   w i d t h   n e c e s s a r y   t o  accommodate 
a r i v e t ,   i n .  

l o a d   f a c t o r  

s t a b i l i t y   s a f e t y   f a c t o r  

RESULTS 

In   F igu re  1 a r e  shown the   th ree   conf igura t ions   cons idered .   Opt imized  
s t r u c t u r a l   d e s i g n s  were o b t a i n e d   f o r   t h e s e   c o n f i g u r a t i o n s   u s i n g   t h e   a n a l y t i c a l  
procedures  of  Reference 1, and o n l y   t h e   f i n a l  resu l t s  a re   p resented   here .  
Each capsu le  i s  des igned   fo r  a 19  foot   base  diameter   and a b a l l i s t i c   c o e f f i -  
c i e n t   o f  0.32 s lug / f t2 .   Consequen t ly ,   t he   t o t a l   en t ry   we igh t s   a r e   de t e r -  
mined  by t h e   d r a g   c o e f f i c i e n t s   ( F i g .  1). The designs  are   based  on  the 
t h e o r e t i c a l   p r e s s u r e   l o a d i n g  and c o n v e c t i v e   h e a t   t r a n s f e r   d i s t r i b u t i o n s  
presented   in   Reference  1. A s  in   Reference  1, t h e   d e s i r e d   b u c k l i n g   f a c t o r  
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of s a f e t y  is  ASF = 2.25, i.e., ( i n   t h e   a b s e n c e  of s t r u c t u r a l   i m p e r f e c t i o n s )  
t h e   d e s i g n s   s h o u l d   b u c k l e   a t  2.25 times the   expec ted   en t ry   l oad .  However, 
i n   o r d e r   t o  limit the  number of d e s i g n   i t e r a t i o n s ,   v a r i a t i o n s   o f  L0.25 
f r o m   t h i s   v a l u e  were cons ide red   accep tab le .  The payload   a t tachment   rad ius  
i s  35% of t h e   b a s e   r a d i u s ,  and t h e   r a t i o s   o f   s p h e r i c a l   n o s e   r a d i u s   t o   b a s e  
r a d i u s   a r e  0.25, 2.0, and 0.3 f o r   t h e   c o n e ,   s p h e r i c a l   d i s h ,  and t e n s i o n  
s h e l l ,   r e s p e c t i v e l y .  The d e s i g n   m a t e r i a l  i s  aluminum. 

The f r e e   v i b r a t i o n   a n a l y s i s  made use  of the  computer   program  descr ibed 
in   Re fe rence  2. It i s  n o t e d   t h a t   i n   t h e   c a l c u l a t i o n   o f   a x i s y m m e t r i c  
( N  = 0) and  antisymmetric ( N  = 1) f r e e   v i b r a t i o n  modes the   r e s idua l   mass  
a s soc ia t ed   w i th   t he   pay load  and capsule   nose   sec t ion   has   been  lumped i n  
the   psy load   r ing .  On t h e   o t h e r  hand for   higher   harmonic ( N  > 1) modes, 
i n  which i t  i s  doub t fu l   t ha t   t he   pay load   mass   pa r t i c ipa t e s ,   t he   e s t ima ted  
payload mass has   been  neglected.  

The e s s e n t i a l   e l e m e n t s  of t he  140 sandwich  cone and 60 sandwich 0 0 

s p h e r i c a l   d i s h   d e s i g n s   a r e   p r e s e n t e d   i n   T a b l e  I ,  and   t hose   fo r   t he   r i ng -  
s t i f f e n e d   t e n s i o n   s h e l l   i n   T a b l e  11. G i v e n   i n   p a r e n t h e s e s   a f t e r   t h e  
c r i t i c a l   l o a d   f a c t o r s   a r e   t h e   c o r r e s p o n d i n g   c i r c u m f e r e n t i a l  wave numbers. 
It i s  noted   tha t   for   bo th   sandwich   des igns ,   the   sandwich   face   shee ts   a re  
minimum gage . 

140' Sandwich Cone 

The p r e b u c k l i n g   s t a t e ,   b u c k l i n g  modes,  and s t ress  r e sponse   fo r   t he  
140' sandwich  cone  are shown i n   F i g u r e s  2 through 6.  I n   t h e s e  and suc- 
c e e d i n g   f i g u r e s ,   m e r i d i o n a l   d i s t a n c e  i s  measured  f rom  the  spherical   nose,  
a n d   t h e   c u r v e s   s t a r t   a t   t h e   p s y l o s d   r i n g   a n d   t e r m i n a t e   a t   t h e   b a s e   r i n g .  
Note   tha t   the   des igns   a re   based   on  a n o m i n a l   b u c k l i n g   s a f e t y   f a c t o r   o f  
2.25 t o   a l l o w   f o r   d i s c r e p a n c i e s   b e t w e e n   s t a b i l i t y   t h e o r y  and experiment,  
whereas   the s t ress  magnitudes shown a r e   f o r   t h e   u s u a l   s a f e t y   f a c t o r   o f  
1.5. Figures  2 through 6 e x h i b i t   t h e  same g e n e r a l   c h a r a c t e r i s t i c s   a s   t h e  
cor responding   curves   for   the  120' sandwich  cones  of  Reference 1. On t h e  
o t h e r   h a n d ,   i n   c o n t r a s t   t o   t h e  120' cones,  i t  was found  that   the   non-  
l i n e a r i t y  o f   t he   p rebuck l ing   s t a t e  i s  n o t   n e g l i g i b l e   f o r   t h e  140' cone. 
It h a s   t h e   b e n e f i c i a l   e f f e c t   o f   i n c r e a s i n g   t h e   b u c k l i n g   l o a d   b y   r o u g h l y  
25 percent .  

F i g u r e s  7 through 11 show t h e   f u n d a m e n t a l   v i b r a t i o n  modes f o r   t h e  
140' sandwich  cone  for   c i rcumferent ia l   harmonics  0 through 4 , r e s p e c t i v e l y .  
As is t y p i c a l   f o r   e n t r y   c a p s u l e s ,   t h e  minimum n a t u r a l   f r e q u e n c y ,  13.1 cps ,  
occurs  i n  an approx ima te ly   i nex tens iona l  mode w i t h  two c i r c u m f e r e n t i a l  waves. 
T h i s  mode shape  (Fig.  9) is c h a r a c t e r i s t i c a l l y   ( f o r   c o n e s )   l i n e a r   a n d  is  
v e r y  similar t o   t h e  N = 2 buckl ing  mode. 
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60° Sandwich  Spherical   Dish 

The des ign  step fo r   t he   s andwich   sphe r i ca l   d i sh  i s  e s s e n t i a l l y   t h e  
same a s  tha t   for   sandwich   cones  (Ref. 1) e x c e p t   t h a t   i n   t h i s   c a s e   t h e  
gene ra l  i n s t a b i l i t y   c o r r e l a t i o n  [Eq. ( 3 )  of Ref. 11 was changed  to 

x = C E t f m t c  n 

where   the   cor re la t ion   parameters  C y  m y  and n a re  a d j u s t e d  as the   des ign  
p r o g r e s s e s   i n   a c c o r d a n c e   w i t h   t h e   s t a b i l i t y   a n a l y s i s   c o m p u t e r   r u n s .  The 
prebuckl ing s ta te ,  buckling  modes,  and stress re sponse   fo r   t he  60° sandwich 
s p h e r i c a l   d i s h  are  shown in   F igu re   12   t h rough  16. These  response  curves  are  
s u p r i s i n g l y  similar to   t he   co r re spond ing   cu rves   fo r   t he   s andwich   cone .  One 
s i g n i f i c a n t   d i f f e r e n c e  i s  t h e   i n t e n s i t y   o f  stress in   t he   ou te r   s andwich   l aye r  
i n   t h e   v i c i n i t y   o f   t h e   p a y l o a d   r i n g .   F i g u r e  16  i n d i c a t e s  a hoop s t r e s s   o f  
109 000 p s i   a t   t h e   p a y l o a d   r i n g   o f  t h e  sphe r i ca l   d i sh ,   whereas   F igu re  6 
i n d i c a t e s  a corresponding hoop stress of   on ly  84 000 p s i   f o r   t h e   c o n e . *  
Because   o f   unce r t a in t i e s   i n   t he   pay load   s t i f fnes s ,  which was neglec ted ,  
t h e s e   a r e   n o t   p r e c i s e   v a l u e s .  However, t h e y   a r e   i n d i c a t i v e   o f   t h e   p o s s i b l e  
n e e d   f o r   l o c a l   m o d i f i c a t i o n s   o f   t h e   s h e l l   n e a r   t h e   p a y l o a d   r i n g .  

F igures  1 7  through 2 1  show the   fundamenta l   v ibra t ion  modes f o r   t h e  
s p h e r i c a l   d i s h   f o r   c i r c u m f e r e n t i a l   h a r m o n i c s  0 through 4 ,  r e s p e c t i v e l y .  
The minimum na tu ra l   f r equency ,  12.6 cps ,  i s  v e r y   c l o s e   t o   t h e   v a l u e ,  
13 .I cps ,   ob ta ined   fo r   t he  140 cons.  

0 

OA.65 Ring-St i f fened   Tens ion   She l l  

In   Tab le  I1 are p resen ted   t he  elements of t h e   r i n g - s t i f f e n e d   t e n s i o n  
s h e l l   d e s i g n .  A s  w i t h   t h e  0A.833 t e n s i o n   s h e l l   d e s i g n s  of Reference 1, 
s t r i n g e r s  are  used   to   suppress   l a rge   p rebuckl ing   deformat ions .  

The prebuckl ing  state,  buckl ing  modes and stress response   fo r   t he  
OA.65 t e n s i o n   s h e l l  are shown i n   F i g u r e s  22 through 26. As is t y p i c a l  
f o r   t e n s i o n   s h e l l s ,   t h e   b u c k l i n g  mode (Fig.  23) is e s s e n t i a l l y   c o n f i n e d  
to   t he   sha l low  base   r eg ion ,   where   t he  hoop compressive stress r e s u l t a n t  
is g r e a t e s t   ( c f .   F i g .  2 2 ) .  Superimposed  on  Figure 23 is t h e   i n t e r i o r  
r i n g  mass d i s t r i b u t i o n  of   the  design.  A s  exp la ined   i n   Re fe rence  1, t h i s  
d i s t r i b u t i o n   d e v i a t e s   f r o m   t h e   b u c k l i n g  mode shape  because of t h e  
i m p o s i t i o n   o f   r i v e t e d   f l a n g e   c o n s t r a i n t s  i n  the  design  program.  These 
c o n s t r a i n t s   t y p i c a l l y   h a v e   t h e i r   g r e a t e s t   e f f e c t   n e a r   t h e   b a s e   o f   t h e   s h e l l .  

* The sandwich   core   shear   s t ress  a t  the   payload   r ing  i s  cor respondingly  
h i g h e r   f o r   t h e   s p h e r i c a l   d i s h  (200 p s i )   t h a n  i t  i s  fo r   t he   cone  (87.5 p s i ) .  

5 
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Note   tha t   the   mer id iona l  stress a t   t h e   s t r i n g e r   c e n t r o i d  i s  shown 
i n   F i g u r e  25 a l o n g   w i t h   t h e   s h e l l  stresses a t   t h e   i n n e r   f a c e  of   the 
skin.   Comparison  of   Figures  25 and 26 wi th   F igu res   5 ,  6, 1 5 ,  and  16 
shows t h a t ,   e x c e p t   i n   t h e   v i c i n i t y   o f   t h e   p a y l o a d   r i n g ,   t h e   t e n s i o n  
s h e l l  stress l eve l s   a r e   l ower   t han   t hose   fo r   t he   s andwich   ae roshe l l s .  

The b a s e   r i n g   f o r   t h e   t e n s i o n   s h e l l  i s  h e a v i l y   l o a d e d   r e l a t i v e   t o  
those  for   the  sandwich  cone and spher ica l   d i sh .   Thus ,   whereas   the   base  
r ings   fo r   t he   s andwich   cone   and   sphe r i ca l   d i sh   a r e   no t   l oca l   s t ab i l i t y  
l i m i t e d ,   t h e   s t a b i l i t y  l i m i t  o f   t he   t ens ion   she l l   base   r i ng   co inc ides  
approximately  with  the  impased  design l i m i t  of R / t  = 125. 

F igu res  27 through 3 1  show the   fundamen ta l   v ib ra t ion  modes f o r  
t h e  OA.65 t e n s i o n   s h e l l   f o r   c i r c u m f e r e n t i a l   h a r m o n i c s  0 through 4 ,  
r e s p e c t i v e l y .  The minimum n a t u r a l   f r e q u e n c y ,  8653 cps ,  is  cons ide rab ly  
smaller than   t he   na tu ra l   f r equenc ie s   o f   t he  140 cone  and 60' s p h e r i c a l  
d i s h .   I n   c o n t r a s t   t o   t h e   f u n d a m e n t a l  N = 2 v i b r a t i o n  modes f o r   t h e   o t h e r  
d e s i g n s ,   t h i s  mode (Fig.  29) does  not   have i ts  maximum ampli tude a t  t h e  
base   r i ng .   The re fo re ,  i t  is  no t   expec ted   t ha t   t he   co r re spond ing   f r equency  
would b e   s t r o n g l y   a f f e c t e d  by v a r i a t i o n s   i n   t h e   b a s e   r i n g   s t i f f n e s s .  On 
t h e   o t h e r   h a n d ,   s i n c e   i n   t h i s  mode t h e r e  is s i g n i f i c a n t   n o r m a l   v i b r a t i o n  
a t  t h e   p a y l o a d   r i n g ,   t h e  unknown s t i f f n e s s  of t h e   p a y l o a d   i t s e l f ,   w h i c h  
was n e g l e c t e d   i n   t h e   c a l c u l a t i o n ,  may have a s i g n i f i c a n t   e f f e c t  on t h e  
frequency . 

Configuration  Comparison 

Summarized i n   T a b l e  111 a r e   t h e   t o t a l   s t r u c t u r e  p l u s  h e a t   s h i e l d  
weights  Ws, t o t a l   e n t r y   w e i g h t s  WE,  co r r e spond ing   we igh t   f r ac t ions  and 
r e s idua l   we igh t s  WR fo r   each   des ign   ob ta ined .   In   add i t ion ,   t he   d rag  
c o e f f i c i e n t s  upon which   t he   t o t a l   en t ry   we igh t s   a r e   based   a r e  shown. 
For the p u r p o s e  o f   conpa r i son ,   t hese   va lues   fo r   t he   co r re spond ing  ,~ 
( 0 . 3 2   s l u g / f t 2 ,  300°F) conf igura t ions   o f   Reference  1 a r e   a l s o  shown. 

It i s  s e e n   t h a t   t h e   t h r e e   d e s i g n s   o f   t h e   p r e s e n t   s t u d y  show cons id-  
e rab ly   be t t e r   pe r fo rmance   t han   do   t he   des igns  .of Reference 1. However, 
t h e   d i f f e r e n c e s   i n   t o t a l   s t r u c t u r e  p l u s  hea t   sh i e ld   we igh t s   a r e   no t   g rea t ,  
t h e   p r i m s r y   d i f f e r e n c e s   b e i n g   i n   t o t a l   e n t r y   w z i g h t s ,   w h i c h ,   f o r   t h e   g i v e n  
b a l l i s t i c   c o e f f i c i e n t  and b a s e   d i a m e t e r ,   a r e   d i r e c t l y   p r o p x t i o n a l   t o   t h e  
a v e r a g e   d r a g   c o e f f i c i e n t .   S i n c e ,   a s   n o t e d   i n   R e f e r e n c e  1, f low  sepa ra t ion ,  
which  probably  would  occur on t h e   t e n s i o n   s h e l l   c a p s u l e s ,   h a s   b e e n   n e g l e c t e d  
i n   t h e   c a l c u l a t i o n   o f  C D ,  t h e   t o t a l   e n t r y   w e i g h t s  computed f o r   t h e   t e n s i o n  
s h e l l   c a p s u l e s   c a n n o t  be   cons ide red   r e l i ab le .  

*It i s  no ted   t ha t   t he   des igns  of Reference 1 were sub jec t ed   t o   ang le -o f -  
a t t ack   l oad . ing   cond i t ions   ( a s soc ia t ed   w i th  a h y p o t h e t i c a l   a t t i t u d e   c o n t r o l  
f a i lu re )   wh ich   a r e   p robab ly  somewhat  more severe than  the  axisymmetr ic  
cond i t ions   u sed   fo r   t he   p re sen t   des igns .  

" 

6 



Detail   Drawings  of  Optimized  Designs 

Design  layout  drawings.  were p r e p a r e d   t o   i l l u s t r a t e   t y p i c a l   m e c h a n i c a l  
d e t a i l s   o f   t h e   v a r i o u s   s t r m t u r a l   c o n c e p t s   a s   t h e y   a p p l i e d   t o   t h e   t h r e e  
ae roshe l l   geomet r i e s .  

140 sandwich con&- Figure  3 2  shows a p r e l i m i n a r y   d e s i g n   l a y o u t   f o r  
a 140° cone  of   sandwich  construct ion.  The b a s i c   s t r u c t u r a l  components i n  
t h i s   c o n c e p t   a r e   t h e   s h e l l   a s s e m b l y ,  the base  r ing  and  the  payload  mounting 
r i n g .  It  i s  a n t i c i p a t e d   t h a t   t h e   s h e l l  w i l l  be   assembled  in  two p r i n c i p a l  
s t a g e s .  The nose   s ec t ion   i nc lud ing   t he   pay ioad   moun t ing   r i ng  would be 
layed up  on a male mDld, bagged,  and  cured.  This  subassembly would then  
b e   i n c o r p o r a t e d   i n t o   t h e   r e a r   s h e l l   s t r u c t u r e   i n  a second  lay-up   opera t ion  
on a c o n i c a l  m a l e  mold.  The b a s e   r i n g  would subsequent ly   be  assembled  to  
t h i s   s h e l l   a s s e m b l y   w i t h   c o n v e n t i o n a l   s t r u c t u r a l   f a s t e n e r s .  The b a s e   r i n g  
i s  a t t a c h e d   t o   t h e   s h e l l   w i t h   a t t a c h   d o l l b l e r s  and tube  supports.   These 
members a r e   d i s p o s e d   i n  a manner  which w i l l  m o s t   e f f e c t i v e l y   r e a c t   t h e  
t e n s i o n   l o a d s   o f   t h e   s h e l l .  

0 

The p r i n c i p a l   m a t e r i a l s   i n   t h i s   a s s e m b l y   a r e  7075-T6  aluminum a l l o y  
for   the   sandwich   face   shee ts ,   payload   mount ing   r ing  and base   r ing ;   5052 
aluminum a l l o y  bonded c o r e   w i t h  a d e n s i t y  of 5.2 l b / f t  , and adhesive 
HT424 (Bloomingdale  Rubber Company) sandwich  bond. 

3 

0 60 s p h e r i c a l   d i s h . -   F i g u r e  33 shows a p r e l i m i n a r y   d e s i g n   l a y o u t   f o r  
a s p h e r i c a l   d i s h   o f   s a n d w i c h   c o n s t r u c t i o n .   I n   t h i s   c o n f i g u r a t i o n   t h e  
m e t h o d s   o f   f a b r i c a t i o n   a r e   e s s e n t i a l l y   t h e  same a s   f o r   t h e  honeycomb 
sandwich  cone. Due to   t he   doub le   cu rva tu re   o f   t he   she l l ,   however ,   t he  
she l l   fac ing   segments   mus t   be   shaped   by   s t re tch   forming   before   assembly .  
Other   de ta i l s   o f   the   assembly  and m a t e r i a l   s e l e c t i o n s   a r e   t h e  same a s   f o r  
the  sandwich  cone. 

OA.65 t e n s i o n   s h e l l . -   F i g u r e  34 shows a r i n g  and s t r i n g e r - s t i f f e n e d  
d e s i g n   f o r   t h e  OA.65 t e n s i o n   s h e l l .  The t e n s i o n   s h e l l   s h a p e   d o e s   n o t  
ex tend   fo rward   o f   t he   pay load   r i ng .   She l l   s ec t ions   cou ld  be die-formed 
and   we lded   t oge the r   t o   fo rm  the   comple t e   she l l .  R o l l  formed  r ings  and 
s t r i n g e r s  would   be   loca ted   in   an   assembly   f ix ture   and   the   welded   she l l  
a s sembly   wou ld   be   r i ve t ed   t o   t hese   s t i f f ene r s .  As i n   t h e   p r e v i o u s   d e s i g n s ,  
t h e   b a s e   r i n g  i s  a t t a c h e d   t o   t h e   s h e l l   a s s e m b l y   w i t h  a series of  doublers 
and  supports .  Where t h e   s t r i n g e r   d e p t h   p e r m i t s ,   t h e y  are n o t c h e d   t o   f i t  
o v e r   t h e   s t i f f e n i n g   r i n g s .  Where t h e   d e p t h  of t h e   r i n g s   a p p r o a c h e s   t h e  
d e p t h   o f   t h e   s t r i n g e r s ,   t h e   s t r i n g e r s  are d i scon t inuous   ove r   t he   r i ng .  
Materials f o r   t h i s   c a p s u l e  are 7039 aluminum a l l o y   f o r   t h e   s h e l l  and  base 
r ing ,   and  7075 a l l o y   f o r   t h e   s t i f f e n e r s   a n d   p a y l o a d   m o u n t i n g   r i n g .  Dimen- 
s ions   and   l oca t ions  of t h e   s t i f f e n i n g   r i n g s  are t a b u l a t e d   i n   T a b l e  IV. 
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CONCLUDING REMARKS 

Opt imized   Mar t ian   en t ry   capsule   des igns   have   been   presented   for   th ree  
geometr ic   aeroshe l l   conf igura t ions   which   a re  more b lun t   t han   t hose  
heretofore   considered.   These  designs , 140° sandwich  cone, 60' sandwich 
s p h e r i c a l   d i s h ,  and the  OA.65 r i n g - s t i f f e n e d   t e n s i o n   s h e l l   h a v e  a 1 9  f o o t  
base  diameter   and  are   based on o r b i t  mode e n t r y   w i t h  a b a l l i s t i c   c o e f f i -  
c i e n t  of 0.32 s l u g / f t 2 .  The des igns   ob ta ined  show s i g n i f i c a n t  improvement 
in   performance  over   corresponding  designs  presented  in   Reference 1 f o r  
120° cone and 06.833 t e n s i o n   s h e l l   c a p s u l e s .  

The OA.65 t e n s i o n   s h e l l   c o n f i g u r a t i o n   r e q u i r e s  a  somewhat g r e a t e r  
s t r u c t u r e  p l u s  h e a t   s h i e l d   w e i g h t   t h a n   d o e s   e i t h e r   t h e  140° cone   or  
s p h e r i c a l   d i s h .   T h e r e f o r e ,   t h e   a t t r a c t i v e n e s s  of t h e   t e n s i o n   s h e l l   c o n -  
f i g u r a t i o n  i s  p r imar i ly   due   t o  i t s  h i g h e r   d r a g   c o e f f i c i e n t ,   w h i c h   f o r  a 
g i v e n   b a l l i s t i c   c o e f f i c i e n t   a l l o w s  a s i g n i f i c a n t l y   l a r g e r   t o t a l   e n t r y  
weight .  The l a r g e r   t o t a l   e n t r y   w e i g h t  of t h e   t e n s i o n   s h e l l  more than 
compensates   for  i t s  g r e a t e r   s t r u c t u r a l   w e i g h t   r e q u i r e m e n t ,   t h e r e b y  
r e s u l t i n g   i n   t h e   l a r g e s t   r e s i d u a l   w e i g h t  (4828 l b )   ava i l ab le   fo r   l anded  
payload.  However,  as  noted  in  Reference 1, b e c a u s e   f o r   t h e   t e n s i o n   s h e l l  
t h e r e   a r e   e x t e n s i v e   r e g i o n s   o f   p o s i t i v e   p r e s s u r e   g r a d i e n t   i n   t h e   s h o c k  
l a y e r ,  i t  i s  p r o b a b l e   t h a t ,   d u e   t o   f l o w   s e p a r a t i o n ,   t h e   h i g h   d r a g   r e s u l t  
w i l l  be   degraded   over   major   por t ions   o f   the   en t ry   t ra jec tory .   Because  o f  
t h i s   u n c e r t a i n t y ,   t h e   r e s i d u a l   w e i g h t   p r e s e n t e d   f o r   t h e   t e n s i o n   s h e l l  
capsule   should  be  viewed  only a s  an u p p e r  bound va lue .  

Because of t h i s '   u n c e r t a i n t y   i n   t h e   t e n s i o n   s h e l l   d e s i g n s ,   t h e  140' 
sandwich  cone,  having a r e s idua l   we igh t  of 4382 l b ,   a p p e a r s   t o  be the  
most e f f i c i e n t   c o n f i g u r a t i o n   s t u d i e d .  Based  on t h e  resu l t s  of  Reference 1, 
s i n c e   t h i s   d e s i g n   h a s  minimum gage  face  sheets ,   one would e x p e c t   t h a t  i t  
could  be  improved  further by   employing   r ing-s t i f fened   cons t ruc t ion .  
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TABLE I 

SANDWICH DESIGNS 

140'  Cone 

S t a b i l i t y   S a f e t y   F a c t o r  
= 2 . 0 8 ( 2 )  
= 1.95(5)a  

S h e l l   A f t  of Payload  Ring 
tc = 0.912  in .  

tf = 0.016  in .  

W = 282 l b  

Base r i n g  
t = 0.039  in .  
R = 4.81 i n .  
W = 109 l b  

Payload  Ring 
W = 1 9   l b  

Heat Sh ie ld  
W = 119 l b  

Nonusable  Entry  Weight 
W = 568 l b  

Tota l   Ent ry   Weight  
W = 4950 lb 

b 

C 

d 

60' SDheriCal  Dish 

2 . 0 4 ( 2 )  
2 . 1 0 ( 7 )  

0.860 

0.016 

280 

0.035 
4 . 3 7  
93 

16 

90 

5 15 

45 80 

a The sandwich   des igns   were   o r ig ina l ly   ob ta ined   fo r   an  assumed room 
temperature  value  of  Young's  modulus, E = 10.3 x lo6 p s i .  I n   o rde r   t o  
b e   c o n s i s t e n t   w i t h  a s t ruc tu ra l   t empera tu re   o f  300°F, upon which  the 
h e a t   s h i e l d   w z i g h t s   a r e   b a s e d ,   t h e   r e s p o n s e   v a r i a b l e s   o f   t h e s e   d e s i g n s  
were ad jus t ed   t o   accoun t   fo r  a r e d u c t i o n   i n  E to   the   va lue   9 .35  x lo6  p s i .  
I n  so  d o i n g ,   t h e   s t a b i l i t y   s a f e t y   f a c t o r   f o r   t h e  140' cone f e l l   s l i g h t l y  
below  the  sp-zcified  range  of 2.0 - 2.5. 

Inc ludes  0.1 l b / f t 2 / f a c e   s h e e t   a d h e s i v e   w e i g h t  and weight   a l lowance 
f o r   s p l i c e s .  

Includes  weight   a l lowance  for   sandwich  c losure  and  tube  support .  

Inc ludes   a l lowance   for   nose   sec t ion .  
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TABLE I1 

OA.65 TENSION  SHELL  DESIGN 

Stability  Safety  Factor 
XSF = 2.21(2) 

= 2.50(14) 

Unstiffened  Shell  Aft  of  Payload  Ringa 
t = 0.046 in. 
W = 190 lb 

26 Interior  Rings 
W = 61 lb 

90(.5 x .75 x .1 x .016) Full  Length  Stringers 
W = 21 lb 

Base  Ring 
t = 0.044 in. 
R = 5.50 in. 
W = 123 lb 

Payload  Ring . 

W =  8 lb 

Heat  Shield 
W = 160 lb 

Nonusable  Entry  Weight 
W = 597 lb 

Total  Entry  Weight 
W = 5425 lb 

b 

b 

C 

d 

a Includes  weight  allowance  for  ring-stringer  fasteners. 
Includes  allowance  for  rivet  weight. 
Includes  weight  allowance  for  tube  support. 
Includes  allowance  for  nose  section. 

C 
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Configuration 

TABLE  I11 

COMPARISON OF VARIOUS  CONFIGURATIONS 

FOR B = 0.32 SLUG/FT~ (ORBIT ENTRY) 

OA.65  Tension  shell 

60' Sandwich  spherical  dish 

140' Sandwich  cone 

OA.  833  Tension  shella 

120' R. S. conea 

120' Sandwich  conea 

Ws (1b) WE ( lb) 

597  5425 

515  4580 

568  4950 

605  5200 

559 4400 

585 4400 

wS/wE - cD - wR 

.llO 1.86 4828 

.112 1.57 4065 

.115 1.70 43 82 

.116 1.78 4595 

.127 1.51 3841 

.133 1.51 3815 

a from  Reference  1 
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TABLE IV 

RING  LOCATIONS & DIMENSIONS, IN. 

" " ~  - RING  NO. r 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 
1 4  
15 
16 
17 
18 
1 9  
20 
2 1  
2 2  
23 
24 
25 
26 

51.84 
59.85 
65.78 
70.52 
74.40 
77.65 
80.51 
83.05 
85.35 
87.47 

91.36 
93.21 
95.01 
96.70 
98.39 

89.45 

100.0 
101.7 
103.2 
104.7 
106.1 
107.5 
108.7 
109.9 
110.9 
111.9 

OA.65 TENSION SHELL 

.1842 

.1791 

.1776 

.1747 

.1770 

.1815 

.1854 

.1915 

.1986 

.2062 

.2128 

.2191 

.2254 

.2352 

.2471 

.2563 

.2647 

.2722 

.2828 

.2913 

.2952 

.3007 

.3068 

.3144 

.3220 

.2826 

1 .421  
1 .444 
1 .451 
1.464 
1.453 
1.433 
1.416 
1.388 
1.357 
1.322 
1.292 
1.264 
1.235 
1.192 
1.138 
1.096 
1.059 
1.025 

,977 
.939 
.921 
.897 
.869 
.835 
.801 
,978 

NEXT LARGEST 
- h STANDARD  GAUGE 

.0172  ,020 
,0175 
.0179 
.0186 
.0196 1 
.0202  .025 
.0209 
.0215 
.0219 
.0222 
.0222 
.0220 
.0217 
.0217 
.0215 
.0216 
.0205 
.0201 
.0198 .( 
.0197  .020 
-0201 .025 
.0205 
.0209 
.0214 

.0271  .032 

.0220 1 
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200 
r 

228 I N  
DIA 

BLUNT CONE,  CD = 1.70 

HONEYCOMB SANDWICH STRUCTURE 

228 I N  
DIA 

SPHERICAL  DISH,  CD = 1.57 

HONEYCOMB SANDWICH STRUCTURE 

2 2 8  I N  
DIA 

t 
OA.65 TENSION  SHELL,  CD = 1.86 

RING-STIFFENED STRUCTURE 

FIGURE 1. AEROSHELL  CONFIGURATIONS 
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I20 0.60 1 a00 1 a20 
MERIDIONRL DISTANCE , 5 / r B  

FIGURE 2 .  PREBUCKLING STRESS RESULTANTS AND ROTATION 
140 DEG  SANDWICH CONE, S . F. =2.25 
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10 

FIGURE 4 .  BUCKLING MODE DISPLACEMENTS 
140 DEG SANDWICH CONE (N=2) S.F. = 2.08 
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a 

FIGURE 5. SHELL STRESS AMPLITUDES 
140 DEG SANDWICH CONE, S.F. = 1.5 
INNER FACE SHEET 



FIGURE 6 .  SHELL STRESS AMPLITUDES 
140 D E  SANT)WICH CONE, S.F. = 1.5 
OUTER FACE SHEET 
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‘0.20 0 -40 0 -60 0 -80 1 -00 1 -20 1.40  1.60 
MERIUIBNFIL OlSTFlNCE s/rB 

FIGURE 7. VIBRATION MODE DISPLACEMENTS 
140 DEG SANDWICH CONE (N=O) FREQ = 30.1 CPS 
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LO 

FIGURE 8. VIBRATION M3DE DISPLACEMENTS 
140 DEG SANDWICH CONE (N=l) FREQ = 15.4 CPS 
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LO 

FIGURE 9 .  VIBRATION MODE DISPLACEMENTS 
140 DEG SANDWICH CONE (N=2) FREQ = 13.1 CPS 
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FIGURE 10. VIBRATION  MIDE  DISPLACEMENTS 
140 DEG SANDWICH CONE (N=3) FREQ = 34.5 CPS 
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FIGURF, 11. VIBRATION MIDE DISPLACEMENTS 
140 DEG SANDWICH CONE (N=4) FREQ = 42.8 CPS 
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MERIDIONAL  DISTRNCE , S/ re 

FIGURE 12 .  PREBUCKLING STRESS RESULTANTS AND ROTATION 
60 DEGREE  SANDWICH SPHERICAL DISH,  S .  F. = 2.25 
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FIGURE 13. BUCKLING MODE DISPMCENENTS 
60 DEG SANDWICH SPHERICAL D I S H  (N=7) S.F. = 2.10 
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FIGURE 14. BUCKLING MODE D I S P ~ C ~ N ~  
60 DEG SANDWICH SPHERICAL  DISH  (N=2) S .F.  = 2.04 
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FIGURE 15. SHELL STRESS  AMPLI'IUDES 
60 DEG SANDWICH SPHERICAL DISH, S.F. = 1.5 
INNER FACE SHEET 
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FIGURE 16. SmLL STRESS AMPLITUDES 
60 DEG SANDWICH SPHERICAL DISH, S.F. = 1.5 
OUTER FACE SHEET 
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FIGURE 17. VIBRATION.MODE DISPLACEMENTS 
60 D E  SANDWICH SPHERICAL DISH (N=O) FREQ = 22.9 CPS 
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FIGURE 18. VIBRATION MDDE DISPLACEMENTS 
60 DEG  SANDWICH SPHERICAL DISH (N=l)  FREQ = 13.3 CPS 

31 



8 

FIGUEE 19. VIBRATION MODE DISPLACEMENTS 
60 DEG SANDWICH SPHERICAL DISH (N=2) FEEQ = 12.6 CPS 
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FIGURE 20. VIBRATION MODE DISPLACEMENTS 
60 DEG  SANDWICH SPHERICAL DISH (N=3) FREQ = 40.5 CPS 
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FIGURE 21. V I B W T I O N  MODE DISPLACEMENTS 
60 DEG SANDWICH SPHERICAL DISH  (N=4) FREQ = 6 9 . 4  CPS 
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FIGURE 22 PREBUCKLING STRESS RESULTANTS AND ROTATION 
OA.65 TENSION SHELL, S.F. = 2.25 
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FIGURE 23. BUCJXING MODE DISPLACEMENTS 
0 8 . 6 5  TENSION SHELL (N=14) S.F. = 2.50 
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FIGURE 24. BUCKLING MODE DISPLACEMENTS 
O A . 6 5  TENSION  SHELL (N-2) S.F. = 2.21 
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FIGURE 25. SHELL STRESS AMPLITLJDES 
OA.65 TENSION SHELL, S.F. = 1.5 
INNER FACE 
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FIGURE 26. SHELL STRESS AMPLITUDES 
OA.65 TENSION  SHELL, S.F. = 1 . 5  
OUTER FACE 
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FIGURE 27. VIBRATION MODE DISPLACEMENTS 
O A . 6 5  TENSION SHELL (N=O) FREQ = 27.8 CPS 
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FIGURE 28. VIBRATION MDDE DISPLAClMENTS 
OA.65 TENSION SIIELL (N=l) FREQ = 21.3 CPS 



FIGURE 2 9 .  VIBRATION MODE DISPLACEMENTS 
OA.65 TENSION SHELL (N=2) FREQ = 8.53 CPS 
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FIGURE 30.  -VIBRATION MODE DISPTACEMF,NTS 
OA.65 TENSION SHELL (N=3) FREQ = 15.8 cps 
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FIGURE 31. VIBRATION MODE DISPLACEMENTS 
OA.65 TENSION SHELL (N=4) FREQ = 21.3 CPS 
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FICXJRF, 32. HONEYCOMB  SANDWICH  CONE 
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FIGURE 33.  HONEYCOMB SANDWICH SPHERICAL  DISH 
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FIGURE 3 4 .  OA. 65 TENSION SHELL 
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